Background: Exposure to environmental pollutants has been shown to be associated with asthma, but few studies have evaluated the effect of wood smoke on asthma and disease severity in a developing country, where use of stoves powered by solid fuels is a common practice.
Objective: In a population in Olancho, Honduras, we evaluated the association between cooking fuel, stove type and asthma. We also evaluated the effects of these factors on asthma symptoms, lung function, and atopy.
Methods: Participants with physician-diagnosed asthma (n = 597) and controls without asthma (n = 429) were recruited from the Olancho province in Honduras. Participants were interviewed using a questionnaire and their baseline pulmonary function was measured using spirometry.
Results:
The prevalence of use of wood as a cooking fuel was 66.9% in the study population, of which 42.1% of participants used wood as their only fuel. Use of wood as a cooking fuel was more prevalent among households with lower income, lower maternal education, and less 
Conclusions:
Use of an open wood stove for cooking in a developing country appears to be a significant risk factor for asthma and respiratory symptoms. Exposure to wood smoke may play a role in atopic sensitization and respiratory symptoms, leading to the development of obstructive lung disease in susceptible individuals. Asthma cases were defined as participants 1) with a physician diagnosis of asthma, including those newly diagnosed and 2) who were taking medications to control asthma or 3) who reported 2 or more of asthma symptoms (wheezing, dyspnea, nocturnal awakening, or cough not associated with a respiratory tract infection) in the 12 months prior to enrollment. Controls without asthma were defined as participants who did not meet any of the above inclusion criteria for asthmatic participants. All potential participants were excluded if they 1) had a diagnosis of any other cardiac or pulmonary disease or 2) had been active smokers in the previous year or had a greater than 5-pack-year history of smoking or 3) were unable to complete any part of the study.
All participants were given a detailed questionnaire that was formulated based on large pediatric and adult asthma cohort studies including the National Cooperative Inner-City Asthma study 19 , the Fresno Asthmatic Children's Environment Study (FACES) 20 the Oakland Kicks Asthma Study, the GALA II study 21, 22 , the Chronic Respiratory Effects of Early Childhood Exposure to Respirable Particulate Matter (CRECER) study 23, 24 , and the ISAAC study 25, 26 , and from validated instruments such as the Asthma Control Test Cooking fuel and stove type were assessed by self-report. The majority of participants reported using either wood, propane, or electricity, or a combination of the above as a cooking fuel. For the purposes of analysis, a three-factor categorical variable of fuel use was generated, assigning participants to households based on whether wood was the sole cooking fuel source, was used in combination with another fuel source, or another fuel source (propane or electricity) was the sole fuel source. Baseline characteristics of the HOLA study population are shown in Table 1 . Asthma cases and healthy controls had a similar age and sex distribution. Although a substantial majority of both groups described themselves as "Mestizo", more controls than cases self-described as European and Native American ethnicity. Cases and controls had a similar annual income. As expected, participants with asthma had a significantly lower FEV 1 as percent of predicted and a lower FEV 1 /FVC ratio than healthy controls.
Overall, wood was used as a cooking fuel in 66.9% of participants' households, and as the only cooking fuel in 42.1%. Annual income was a strong predictor of use of wood as a fuel ( Figure   1A ); participants who use wood as their only cooking fuel had an annual income of 4,000 HNL (Honduran Lempira, approximately $190) (25:75% 2,000: 10,000 HNL), compared to 6,000 HNL (3,550: 10,000 HNL) in participants who used both wood and another source of fuel, and 10,000 HNL (5,000: 16,000 HNL) in participants who only used another source of fuel (Kruskal-Wallis rank sum test p-value 1 × 10 -12 ). We also found that maternal education ( Figure 1B ) and degree of urbanization ( Figure 1C ) were inversely associated with use of wood as cooking fuel (χ 2 pvalue 5 × 10 -15 and 8 × 10 -14 , respectively). We found similar associations between primary stove type and income, with participants who used propane (median income 10,000 HNL, 25:75% 5,000: 24,000 HNL) or electric stoves (10,000; 5,000: 20,000 HNL) having higher incomes than those using open wood stoves (5,000; 2,350: 13,500 HNL) or improved wood stoves (4,000; 2,000:
7,000 HNL). Because these were potential confounders of the association between cooking fuel, primary stove type and asthma, adjusted regression models included annual income, degree of urbanization, and maternal education as covariates in multivariate regressions.
We found differences in primary cook stoves but not fuel type between participants with asthma and controls ( Figure 2 open wood stove. This is partly due to the efforts of a government program to distribute the "ecofogón", a ventilated wood-fired stove with improved combustion efficiency and a built-in chimney with an external exhaust. Participants using this type of stove did not have increased odds of asthma compared to participants using an electric stove. In contrast, participants using an unventilated wood stove had 1.8 times higher odds of asthma than participants using an electric stove. This suggests that distribution of improved wood fired stoves like the ecofogón may reduce the risk of asthma imparted by unventilated wood stove use.
Participants with asthma in the present study were diagnosed by physician, in addition to meeting additional inclusion criteria of active treatment for asthma or current symptoms of asthma, which would likely reduce the potential for misclassification compared to the study by Wong et al. Nonetheless, the odds ratio for asthma (1.8, 95% CI 1.2 -2.8) identified in this study are similar to those identified in the ISAAC study (1.78, 95% CI 1.51 -2.10 for children 6-7 and 1.20, 95% CI 1.06 -1.37 for children [13] [14] . The results of this paper thus provide further evidence that exposure to wood smoke may cause current clinical asthma.
We did not find evidence that the use of wood as a cooking fuel was associated with a higher risk of asthma, even though the use of an unimproved wood stove was a risk for asthma. This may reflect that in our study, participants who used wood as cooking fuel included both participants who used an open wood stoves as their main stove and participants who used an improved wood stove with ventilation as their main stove, and because a significant proportion of participants (24.8%) used multiple fuels for cooking (typically one wood stove and either a propane or electric stove). Since our findings showed that the risk of asthma is comparable between participants who had an improved (vented) wood stove and those who used nonwood fueled stoves (primarily gas or electric), combining both open stoves and vented stoves into one group masked the effect of wood smoke from using an open wood stove on asthma. Neither use of wood as a cooking fuel nor stove type appeared to be associated with changes in pulmonary function as measured by FEV 1 /FVC, FEV 1 , or FEV 1 as a percent of predicted, a finding consistent in both cases and controls. Although exposure to smoke from solid fuels used for cooking and heating is the second leading cause of chronic obstructive pulmonary disease in adults over 40, our population had a median age of 21, and inclusion in the study was limited to participants under 40 who had not been diagnosed with any respiratory diseases other than asthma, so as to minimize the possibility of including participants with COPD. Thus, although long-term exposure to wood smoke is known to cause obstructive lung disease, it is possible that our participants had not been exposed for long enough to cause a detectable change in lung function.
We found that both the use of wood as cooking fuel and use of unvented wood stove were associated with doubling of the odds of atopy among the non-asthmatic controls (OR = 1.94, CI = 1.14-3.33, p = 0.015) and (OR = 2.01, CI = 1.11-3.84, p = 0.026), respectively. Increasing air pollution has been associated with increasing prevalence of allergic diseases [35] [36] [37] [38] . We hypothesize that household air pollution from wood smoke may lead to atopic sensitization via Th 2 -mediated IgE and cytokine production, resulting in atopic symptoms. This may represent one plausible mechanism by which exposure to wood smoke may lead to asthma.
We also observed that non-asthmatic controls who use wood as cooking fuel had a significantly increased risk of having chronic cough not associated with upper respiratory infections. This may be due to the irritant effects of wood smoke on respiratory epithelium. 32 Healthy volunteers exposed to wood smoke in a human exposure chamber induced increases in airway epithelial permeability and fraction of exhaled nitric oxide (F E NO), which has been used as a biomarker that is elevated in patients with asthma and suggests evidence of eosinophilic inflammation. This points to the possibility that wood smoke may cause oxidative damage and allergic inflammation to the airways, and can lead to asthma in genetically susceptible individuals. Alternatively, as wood smoke exposure is associated with COPD, it may represent patients with undiagnosed COPD and preserved lung function (GOLD stage 0 33 or COPD foundation stage 0 34 ). Thus, though we did not see an association between wood stove use and lung function decline, even in our age range, wood stove use may place individuals at risk for activity limitation, COPD exacerbations, and airway disease.
Because the study is a case control study, it is susceptible to selection bias, though care has been taken to match the cases and controls with respect to age, sex, socioeconomic status, and geography. In addition, because all data were gathered in a form of a questionnaire, the study is susceptible to recall bias, and the study could have been biased by non-responses, even though there is no reason to believe that misclassification would be differential with respect to exposure or outcome, or that the missing data would not be missing completely at random. Thus, we would expect the results to have been biased towards the null. Despite these limitations, the results of this study provide more evidence for the potentially damaging effects of wood smoke on asthma and respiratory symptoms and encourage more controlled interventional trials to evaluate the effect of improved wood stoves or electric stoves on risk of asthma and other obstructive lung diseases. The fact that the risk is associated with unvented wood stoves but not improved (ventilated) stoves supports further implementation of these types of stoves in areas where electricity or other cleaner stoves cannot be introduced. 
